Frequent chromosomal aberrations and/or losses of heterozygosity involving the short arm of chromosome 3 in carcinomas of the lung, kidney and other tissues imply that multiple putative tumor suppressor genes may be present on this chromosomal arm. To search for one of these genes, we determined DNA sequences in the genomic region at 3p22-21.3 where we had previously detected a homozygous deletion in a lung cancer cell line. The DNA sequence results of an about 685-kb region indicated that the size of the homozygously deleted segment was 638,489 bp, in which we identified only four genes including the integrin aRLC and the ^rans-Golgi p230 genes, both reported previously. The predicted amino acid sequences of one of the two novel genes showed high homology to villin, a human cytoskeleton protein; those of the other gene, termed HYA22, revealed significant homology to YA22, a hypothetical protein predicted from DNA sequences of Schizosaccharomyces pombe. The computer programs HEXON or GRAIL were able to predict three-fourths of the exons; the smallest exon predicted by either program was 46 base pairs. Repetitive sequences contained in the genomic region included 151 copies of the Alu sequence (1 copy/every 4.5 kb), 19 copies of the LI sequence (1 copy/every 36 kb) , and 10 copies of the THE sequence.
Introduction
entire homozygously-deleted region in one cell line was estimated to be approximately 800 kb long. We susThe short arm of chromosome 3 potentially includes p e cted that at least one tumor suppressor gene was likely multiple tumor suppressor genes, on the basis of loss of t o be present in that segment. 10 From the 800-kb region heterozygosity (LOH) studies using polymorphic DNA w e isolated a cDNA clone as a candidate; its predicted markers and of cytogenetic analyses of cancers devel-amino acid sequence was significantly similarity to inteoped in various tissues. 1 " 5 Toward isolating these pu-g r j n Q 4 . H However, no alteration of that gene has been tative tumor suppressor genes, we had previously per-f o u n d s o f ar i n a i a r g e number of lung and renal carcinoformed an elaborate deletion mapping of this chromo-m a s examined to date. somal arm. In a large number of cancer tissues tested Since the homozygously deleted 800-kb region probawith dozens of restriction fragment length polymorphism bly contained at least several genes, we performed exon-(RFLP) probes, we identified candidate regions at 3pter-trapping experiments and direct cDNA screening to isop25, P 22-p21.3,and P 21.1-pl4 where LOH was commonly i a t e other genes located there. 12 " 14 As one of our strateobserved in carcinomas of the lung, uterus, esophagus, g j e s f or isolating all genes within the region, we ator kidney. 6 " 8 Within one of these commonly deleted re-tempted to determine the entire genomic DNA sequence gions (3p22-21.3), we subsequently found a homozygous involved, and used computer programs to identify possideletion of a DNA marker in lung cancer cell lines. 9 The ble exons. Here, we describe the results of genomic DNA Communicated by Yoshiyuki Sakaki sequencing of this region, and the identification of two * To whom correspondence should be addressed. Tel. 81-3-5449-novel cDNAs; one is a homologue of the cytoskeleton 5372, Fax. 81-3-5449-5433 protein, villin 15 ; the other exhibits homology to YA22, which is a hypothetical protein predicted from yeast genomic sequence. A third exonic sequence in the region examined was identical to the 3' region of trans-Golgi p230, a human peripheral membrane protein. 16 
Materials and Methods

DNA sequencing
Twelve of 28 clones that constituted an approximately 800-kb contig were sequenced by the shotgun method and the gaps between the assembled segments were connected by direct-cosmid sequencing using primers designed from the end sequences of assembled segments. Briefly, these 12 clones were purified with Not I digestion and electroelution, and digested partially with Sau3Al; fragments of 1.5-2.0 Kb were subcloned to pBluescriptll SK(-). DNA sequences at both ends of each subclone (100-300 subclones from each cosmid) were determined with T3 and T7 dye primer using an ABI 373 sequencer (Applied Biosystems, Mountain View, CA). The sequence data, assembled with ABI "Assembler" software to generate a contig, were used to design walking primers. For the primer-walking method, we performed DNA sequencing according to the ABI dye-terminator protocol or the Pharmacia Biotech Dye primer protocol.
The remaining 16 cosmid clones were digested completely with E'coRI and all the fragments were subcloned to phagemids. These phagemid clones were sequenced by the primer-walking method. The linear ordering of the subcloned fragments was determined by direct cosmid sequencing. All sequences were assembled by means of the ABI "Assembler" computer software. Sequencing solution were supplied from Perkin-Elmer, Pharmacia Biotech, and Amersham Life Science. We assembled all sequences of genomic DNA represented by cosmids and used the consensus sequence to find exons using the 'GRAIL 2' computer program provided by Oak Ridge National Laboratory and the 'HEXON' program.
Using RT-PCR technique, we checked whether the exons predicted by the algorithms really existed. PCR was performed in 25 cycles of 30 sec at 95°C, 30 sec at 55°C, and 72°C, as described elsewhere. 17 PCR products were used as probes for Northern analysis and cDNA screening. Exon-intron junctions were defined by comparing sequences of cDNAs and genomic DNA.
Screening of cDNA libraries
Messenger RNAs isolated from various tissues were reverse-transcribed using oligo(dT) primers or random hexamers to prepare the first single-stranded cDNAs. Mixed cDNA clones were also prepared from cDNA libraries of various tissues for use as polymerase chain reaction (PCR) templates. PCR amplification for exon-connection experiments using the cDNA mixSequence Analysis of 3p22-p21. 3 [Vol. 4, ture was performed as described elsewhere. 18 Human cDNA libraries from lung (obtained from Stratagene or constructed by ourselves) and fetal brain (Clontech) were screened using the fragments isolated by exonamplification as probes. We used a pancreas cDNA library (Clontech) to detect any alternative 3' flanking region.
Multiple tissue Northern blot analysis
We performed Northern blot analyses using multipletissue Northern blot from Clontech. Each DNA probe was a [ 32 P]dCTP-labeled PCR product. Autoradiograms were analyzed with a BAS 1000 image analyzer (Fuji).
2.4-Single-strand conformation polymorphism analysis
Single-strand conformation polymorphism (SSCP) analysis was performed to screen tumors for genetic alterations in the HYA22, villin-like and trans-Golgi p230 genes. Tumor samples had been obtained from patients with primary lung carcinomas and renal cell carcinomas during surgery at the Cancer Institute Hospital. DNA extraction and Southern-blot analyses were carried out as described previously. 6 ' 7 DNA extracted from 25 lung carcinomas and 8 renal cell carcinomas were used as templates for SSCP analysis. 19 " 21 All of these tumors had shown loss of heterozygousity (LOH) on the short arm of chromosome 3 in our previous studies. 6 ' 9 Primers to amplify each exon were end-labeled with [ 32 P]ATP and the PCR products were analyzed by electrophoresis in 5% acrylamide gels containing 5% glycerol.
Results
Genomic organization of the region homozygously
deleted in the lung-cancer cell line In a previous report, we estimated the size of the homozygously-deleted region, which we later covered with a contig consisting of 23 cosmids, to be approximately 800 kb long. 10 Assembly of the cosmid sequences indicated that this contig had two gaps, one between cosmid clones 145 and 150, and the other between clones 171 and 242. We screened a genomic cosmid library constructed from normal human DNA to fill up these gaps. Gap 145-150 was filled with one cosmid, named 303. The gap between clones 171 and 242 was also filled with one cosmid, termed 304.
We noticed a deletion within cosmid clone 278. Since we were unable to find DNA sequences corresponding to the 5' non-coding region of the integrin aRLC gene, which should have been present within our contig unless the intron in the 5' non-coding region is very large, we screened the cosmid library using the RT-PCR product of the 5' region of integrin aRLC as a probe. In this way, we isolated a cosmid clone which we termed 318. Comparison of the DNA sequence of cosmid 318 with the original contig indicated that nearly 1 kb of DNA sequence, including 230 nucleotides (nt) of the 5' noncoding exon of integrin aRLC, was missing from cosmid 278. By comparing DNA sequences at the breakpoints of the interstitial deletion reported previously in the lung cancer cell line 10 to those of the approximately 650-kb genomic region represented by our cosmid contig, the actual size of the homozygous deletion was determined to be 638,489 bp. Reverse transcriptase-PCR (RT-PCR) on the basis of exon-trapping experiments, DNA sequence analysis to estimate exonic regions with the HEXON and GRAIL 2 computer programs, and a search for homologies or similarities to known genes in the public databases identified four genes in the region, including the integrin aRLC gene we had reported previously. 8 The others proved to be the irans-Golgi p230 gene, a novel gene encoding a protein homologous to YA22 (a hypothetical protein of Schizosaccharomyces pombe), and a novel gene homologous to human villin protein. Figure 1 shows the location of these four genes on a cosmid contig map covering the homozygously-deleted region.
Genomic characterization of the evolutionallyconserved gene, HYA22
The GRAIL 2 computer analysis using DNA sequences in a region of about 100 kb telomeric to the integrin gene, which was covered with six overlapping cosmid clones (107, 171, 304, 242, 111, and 213), predicted the presence of 15 possible exons with an "excellent" score. On the basis of this information, we first performed an exonconnection experiment and then used the PCR product that we considered to be the product of connected exons as a probe to screen the cDNA libraries. We obtained five cDNA clones derived from a single gene and determined their DNA sequences. The cDNA encoded a protein of 340 amino acids; the gene was found to consist of eight exons by a comparison of genomic DNA sequences with the cDNA sequences. A homology search comparing the predicted protein to known proteins in the public databases revealed that the product of this novel gene is significantly similar to YA22, a yeast hypothetical protein (Fig. 2) . We therefore termed this gene HYA22.
Comparison of these computer-predicted exons with the cDNA sequences revealed that four of the eight exons (1, 3, 5 and 6) were predicted precisely by the GRAIL 2 computer program, and one exon ( Northern-blot analysis using the cDNA as a probe (Fig. 3) indicated that HYA22 was ubiquitously expressed in 16 tissues examined, and may have two different transcripts. The major transcript is 4.6 kb long, and the minor one is estimated to be 2.7 kb long. From the results of DNA sequencing of the five cDNA clones isolated from the pancreatic cDNA library, we suspected that this difference occurred due to the use of different polyA signals; the polyA signal of the longer transcript was located at nt 4696-4701, and the signal for the shorter one was at nt 2671-2676.
We performed SSCP analyses since we considered this highly conserved gene, although of unknown function, to be a candidate tumor suppressor gene. We screened each of the eight exons in 25 lung cancers and 8 renal cell carcinomas, but no alteration was detected.
Genomic characterization of the gene encoding the villin-like protein
The telomeric breakpoint of the interstitial deletion in the lung-cancer cell line (the distal end of the homozygous deletion) was located within another novel gene encoding a protein homologous to villin. The cDNA consisted of 2192 nucleotides that include 2061 bp of the open reading frame. Of the 15 exons in this gene, exons 1 to 4 lay within the homozygously deleted region (see Fig. 1 ). All exons of this 10-kb gene were contained within cosmid 305. Analysis with the FASTA program revealed that this cDNA was 63.3% identical in 1107 nucleotides and 67% identical in 315 amino acids to human villin (Fig. 4) .
Northern analysis on multiple-tissue blot using the cDNA clone as a probe detected a 2.2-kb transcript that was ubiquitously expressed in 16 tissues; an additional 1.8-kb band was detected in heart, brain, skeletal muscle, spleen, prostate, testis, small intestine, and colon ( Fig. 3  bottom panel) . As no cDNA clone corresponding to the smaller transcript has been obtained, we do not know whether the smaller band indicates an alternative splicing, alternative polyA, or hybridization to a transcript of some related gene.
Since the villin-like gene was disrupted due to the interstitial deletion, this gene also represents a potential candidate for a tumor suppressor gene associated with lung cancer. Hence, we performed SSCP analysis of all exons in 25 lung cancers and 8 renal cell carcinomas, but we detected no somatic alteration of the gene in these tumors.
3.4-Genomic structure of the tr&ns-Golgi p230 gene
GRAIL 2 analysis of DNA sequences obtained from cosmid 301, which contained a region corresponding to DNAs centromeric to the integrin aRLC gene, detected eight possible exons; seven had "excellent" scores and Figure 3 . Homology between the predicted product of the villin-like gene and human, mouse, and chiken villin proteins. Of 315 amino acids, 212 are identical (67%). The nucleotide sequence data of villin-like gene will appear in the DDBJ, EMBL and GenBank nucleotide sequence databases under accession number D88154.
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one had a "marginal" score. A homology search of these DNA sequences using the FASTA program revealed that five of the seven computer-predicted "excellent" exons were identical to the 3' region of the irans-Golgi p230 gene (from nt 3486 to the 3' end). A comparison of genomic DNA sequences with cDNA sequences of the frans-Golgi p230 gene revealed that 11 exons plus the 3' non-coding region of this gene were included within the region homozygously deleted in the lung-cancer cell line. As Erlich et al. 15 had mapped this gene to chromosomal region 6pl2-22, we performed fluorescence in situ hybridization (FISH) using cosmid 301 as a probe, to confirm its chromosomal location. The result confirmed that this cosmid contained genomic DNA corresponding to 3p21.3. As with the other candidates, we performed SSCP analysis of all exons but we detected only nondeleterious polymorphisms.
Genomic structure of the integrin aRLC gene The integrin aRLC gene, which was located telomeric to the trans-Golgi p230 gene and centeromeric to the HYA22 gene on our cosmid contig, was covered with 15 cosmid clones (from 278 to 220 in Fig. 1 5.35 to 18.52 (Table 1) .
Characterization of genomic sequences
The presence of only four genes within the nearly 700-kb genomic region seems to be fewer than would be expected. The GC content of this genomic segment is 43.8%: A, 183836 (26.8%); C, 146852 (21.4%); G, 153753 (22.4%); T, 200467 (29.2%). In the exon parts the nucleotide breakdown is as follows: A, 4201 (28.5%); C, 3333 (22.6%); G, 3682 (25.0%); T, 3531 (23.9%) (G + C = 47.6%).
We also counted the copy numbers of repetitive sequences such as Alu (a member of SINEs: short interspersed nucleotide elements), LI (a member of LINEs: long interspersed nucleotide elements) and THE (unclassified repeat sequence) in this 685-kb region. We found 151 copies of Alu, 19 copies of LI, and 10 copies of THE; in total, these sequences represented up to 11.6% of the entire sequence. The consensus sequences of these repetitve elements were avoided in the design of our sequencing primers.
Discussion
We have sequenced and characterized a 685-kb segment of genomic DNA at 3p21.3, the region that is homozygously deleted in a cell line derived from lung carcinoma. By various approaches, we identified in this 685-kb genomic fragment genes encoding trans-Golgi p230, integrin QRLC, HYA22 (homologous to the hypothetical proteins in yeast), and a villin-like protein. Trans-Golgi p230 a human peripheral membrane protein, contains extensive coiled-coil cc-helical domains and a granin motif, suggesting that it may play a role in vesicular transport from trans-Golgi. 16 Integrin QRLC, a subunit of integrin, is important for cell adhesion. HYA22, a novel molecule, revealed significant homology to hypothetical proteins predicted from DNA sequences of Schizosaccharomyces pombe. This evolutionary conservation indicates that HYA22 protein is likely to play a vital role in important cellar functions. In fact, yeast cells that lack YA22 lost viability (our unpublished data). The second of the novel genes in the studied region, encoding a villin-like protein, was highly homologous to human, mouse, and chicken villins which are cytoskeletal proteins. Given these similarities, although the function of the HYA22
is not yet known, three of the genes located in this region of chromosome 3p21.3 are likely to be related to cell structure or to intracellular transport.
Because markers in this region have revealed frequent loss of heterozygosity in lung and renal cancers, we suspected that a putative tumor suppressor gene is present there. However, we failed to detect any somatic mutations in any of the four identified genes in a panel of 33 lung or renal tumors. There are several possible explanations for this: (1) deletion mapping or homozygous deletion based on the LOH studies may not always reflect the presence of a tumor suppressor gene(s); (2) a dosage effect of single or multiple genes within the commonly deleted region could be related to the development or progression of tumors; (3) genetic mechanisms not yet identified might inactivate the genes found in this study; or (4) in addition to the four genes identified here, other genes are present in the 685-kb region. In fact, the computer programs indicated several possible candidate exons although we could not detect any corresponding transcripts. Further investigation is required to address this issue.
Comparison of the data obtained from genomic DNA analysis with the GRAIL 2 and HEXON programs with the experimental data revealed that nearly 80% of the 62 exons in the four identified genes were predicted by the computer programs. Eight exons were predicted only by the GRAIL 2 program, and five were predicted only by the HEXON program. Forty-three (80%) of the 55 fragments that were predicted as exons by an "excellent" score with the GRAIL 2 program, and 22 (85%) of the (a) The result is predicted from each cosmid that contained genomic sequence of the given gene. In the GRAIL 2 program the possibility is shown as 'marginal,' 'good,' or 'excellent.' These predicted results were compared to the genuine exons derived from cDNA sequence, and the lengths corresponding to each sequence are shown, (b) Summary of computer analyses using the GRAIL 2 and HEXON programs, (top) The prediction rate among each size group, (bottom) The frequency of real exon/predicted exon. For the GRAIL 2 program, the goups were divided according to 'excellent,' 'marginal' or 'good' scores. For the HEXON progrm, the goups were devided according to scores of > 10, 6-10, < 6.
26 fragments that were predicted as exons with a score higher than 10 by the HEXON program, were confirmed as genuine exons. However, only 6 (5.7%) of the 105 fragments predicted as exons with "good" or "marginal" scores by the GRAIL 2 program, or 25 (12%) of the 213 fragments predicted as exons with scores lower than 10 by the HEXON program, were confirmed as real exons. These results indicated that one or more exons in any gene with multiple exons are likely to be predictable by computer programs. The overall GC content of this 685-kb region studied was 43.8%, and in the 62 exons 47.6%. The region also contained a large number of repetitive sequences: 151 copies of Alu sequence, 19 copies of LI sequence, and 10 copies of THE sequence. An Alu element was present every 4.5 kb; the majority of those were full length (280 bp) but others lacked a 5' portion. Among 19 copies of the LI element (one present every 36 kb), 3 were full-length (6152 bp) but the remaining 16 copies varied from 500 bp to 5,000 bp in size. In comparison with the complete 685-kb DNA sequence of the human T-cell receptor beta (TCR/3) locus, 22 our region at 3p21.3 contained more copies of Alu (151 vs 119) and significantly fewer LI sequences (19 vs 126) . The combined proportion of these two types of repetitive element was much lower (11% vs 17.9%) in our sequences than in the TCR/? locus. Repetitive sequences are presumed to serve important functions such as expansion or contraction of genes during evolution of the species. The reason for the differences in copy numbers and fractions of these repeat elements in two genomic regions of the same total length (685 kb) is not known, but it would be interesting to investigate the influence of such differences, particularly in the concentration of LI sequences, to chromosomal structure, replication time, or other genomic functions.
In summary, we have completely sequenced the 685-kb region of 3p21.3 that is homozygously deleted in a lung cancer cell line and characterized the primary structure of four genes resident there; two proved to be known genes, one of which was reported previously by us. Though the novel genes are possible candidates for tumor-suppressor functions, no alterations or mutations have so far been detected in the carcinomas tested. However, our sequence analysis of this region has proven that the computer-assisted methods are useful and powerful for identification of exons.
